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Introduction
Interest in the use of wood fiber products is growing rapidly. It is therefore important to obtain detailed information on fiber properties (Park et al. 2001) , with particular emphasis on the chemical and physical characteristics of fiber surfaces, as the properties of composite products, such as medium density fiberboard (MDF), are largely determined by surface features of fibers (Donaldson and Lomax 1989; Butterfield et al. 1992; Singh and McDonald 2000) .
As the place of fracture within wood tissues determines the surface properties of mechanical fibers, it is not surprising that considerable attention has been devoted to understanding the behavior of wood during mechanical fracturing. The available information suggests that fracture properties are determined by many factors, including wood species, wood density, moisture content, cell dimension, microfibril angle and the nature and direction of applied force or stress (reviewed in Lai and Iwamida 1993; Donaldson 1996; Schmitt et al. 1996) . The effect of chemical composition, cell wall texture and the pattern of distribution of cell wall substances on the fracture behavior is less well understood. It is known that lignin distribution may determine the location of fracture within the cell wall (Donaldson 1995) , and recent observations have shown a close correspondence between the morphology of mechanically induced radial micro-checks in the S 2 layer of normal and mild compression wood cells and that of the radial striations in this cell wall layer, resulting from heterogeneity in the micro-distribution of lignin (Singh et al. 1998 (Singh et al. , 2002 Singh and Daniel 2001) . These observations also suggest that both the amount and pattern of lignin distribution may have an impact on the fracture behavior of cell walls. The use of a mechanical property microprobe for understanding the hardness and mechanical characteristics of the middle lamella is also providing relevant information (Wimmer and Lucas 1997) .
Chemical and mechanical fibers related to paper products have been extensively studied by microscopy and other techniques. Interest in understanding the properties of thermo-mechanical (TMP) and high temperature thermo-mechanical (HTMP) fibers, which are widely used in the manufacture of MDF products, is also growing (Koran 1970 (Koran , 1987 Bruun and Lindroos 1983; Kojima and Kayama 1985; Moss et al. 1993; McDonald and Singh 1996; McDonald et al. 1997; Singh and McDonald 2000; Snell et al. 2001) . Recent investigations using transmission electron microscopy have characterized the surface features of radiata pine (Pinus radiata) HTMP fibers (McDonald and Singh 1996; McDonald et al. 1997) , and a preliminary study comparing commercial radiata pine and rubberwood (Hevea brasiliensis) MDF fibers (Singh and McDonald 2000) suggests significant differences between the two wood species with regard to the fracture behavior of cell walls and the surface characteristics of fibers.
The surface features of rubberwood HTMP fibers were studied in detail in the present study, providing substantial new information on the chemical, microtopographical and ultrastructural characteristics of the exposed fiber surfaces.
Materials and Methods
The rubberwood high temperature thermo-mechanical (HTMP) fibers examined in this study were obtained through Forest Research Institute Malaysia (FRIM), Kuala Lumpur. For transmission electron microscopy (TEM), the fiber samples were dehydrated in acetone prior to embedding in Spurr's low viscosity resin (Spurr 1969) . Ultrathin sections from the embedded blocks were cut on a RMC MT-X ultramicrotome using a diamond knife. Sections were then stained with 1% potassium permanganate (KMnO 4 ) prepared in 0.1% sodium citrate and examined with a JEOL 1010 TEM. KMnO 4 was
Results and Discussion
The information provided here on the surface characteristics of rubberwood HTMP components is based on TEM examination of fibers only; other cell types were not examined. Other features of rubberwood HTMP, such as fiber length, shive content etc., have been reported elsewhere (Singh and McDonald 2000) .
The surface characteristics of HTMP fibers are shown in Figures 1-7 , which were prepared from sections of representative fibers. Although not quantified, the TEM examination of a large number of fiber samples showed the fiber surfaces to be largely covered by middle lamella. It is likely that exposed regions represent both "true middle lamella" and primary cell wall. However, a clear distinction between the primary cell wall and lucent (electron translucent) regions of "true middle lamella" was not obtainable. Thus, the term "middle lamella" refers to true middle lamella plus the primary wall. Only occasionally were the fiber surfaces covered by the secondary wall. In addition, the presence of some extraneous materials on the fiber surfaces was also observed.
Low magnification view of an entire transverse section of a fiber is shown in Figure 1 . The outer surface of the fiber wall is completely covered by middle lamella, the thickness of which is highly variable (arrowheads). One of the corner regions is prominent and contains a large proportion of the middle lamella, which is likely to have resulted from asymmetrical fracture. Prominent lucent spots are present in this corner region. The intercorner region of the middle lamella (the part of the middle lamella between cell corners) is readily distinguishable in some parts of the fiber surface, whereas in other parts it is very thin and only just visible.
Various features of the exposed middle lamella of a fiber are shown in Figures 2-4 . Figure 2 shows a high variability in the thickness of the middle lamella. In some parts of the fiber the middle lamella is extremely thin, and its presence was confirmed only when also examined at high magnifications. In places, the topography of the exposed surface of the middle lamella is very irregular. Parts of the middle lamella of the fiber in Fig-580 A Judging by differences in the density, it is assumed that some exposed parts of the corner middle lamella in Figure 3 are lignin-rich (electron dense regions), whereas other parts are lignin-poor (electron lucent regions). Similarly, the exposed surfaces of the inter-corner middle lamella are lignin-poor (Fig. 3 ) and lignin-rich (Fig. 4) . As seen in Figure 4 , the topography of the exposed surface of the middle lamella Figs. 2-4. Transverse section through parts of an HTMP fiber showing exposed corner and inter-corner middle lamella. Fig. 2 . The corner middle lamella (arrow) contains prominent lucent regions. The inter-corner middle lamella (arrowheads) shows considerable variability in its topography and thickness. The middle lamella region marked by the star is shown at high magnification in Figure 4 . Part of the micrograph has been cut away to save space. Bar = 1 µm. Fig. 3 . Higher magnification view of the corner and adjoining inter-corner middle lamella in Figure 2 . The exposed surfaces correspond to both lignin-rich (arrowhead) and lignin-poor (paired arrowheads) regions. Bar = 500 nm. Fig. 4 . Higher magnification view of the inter-corner middle lamella indicated by the star in Figure 2 . The topography of the exposed surface is irregular (arrowheads) and the thickness of the middle lamella is variable. Bar = 500 nm.
is irregular. A comparison of Figures 3 and 4 also reveals considerable variability in the thickness of the remaining inter-corner middle lamella regions. Figure 5 provides an example of extreme variability in the thickness and topography of the middle lamella within a relatively small part of the fiber wall. The topography of the exposed surface is very irregular, the surface being relatively smooth in some parts and rough in others.
Occasionally, the presence of some extraneous materials on the fiber surfaces was also observed. The presence of dense and lucent deposits of an unknown origin on the irregular surfaces of the middle lamella is illustrated in Figure 6 . Figure 7 provides an example of rare presence of the secondary wall on the fiber surface. Parts of the exposed secondary wall appear to have been mechanically damaged and are loosely connected to the parent wall. A part of this fiber wall is also covered by extraneous materials. Figs. 5-7. Transverse sections through parts of HTMP fibers showing various features of the exposed surfaces. Fig. 5 . The middle lamella is highly variable in its thickness, and the topography of the exposed surface is very irregular (arrowheads). Bar = 500 nm. Fig. 6 . The exposed surface of the middle lamella is highly irregular in its topography and is covered with dense and lucent deposits of unknown origin (arrowheads). The star indicates a discrete lucent region of the middle lamella. Bar = 500 nm. Fig. 7 . Parts of the exposed secondary wall appear to have been mechanically damaged and are loosely connected to the parent wall (star). Some extraneous materials are also present on the fiber surface (arrowhead). Bar = 1µm.
It is apparent from the observations presented that the surfaces of the majority of fibers examined were covered by middle lamella, and the presence of secondary wall layers on the fiber surface was observed only occasionally. This suggests that fractures during the refining process occurred primarily in the region of middle lamella.
Lignin softens at elevated temperatures (Goring 1971) , such as those used for HTMP pulping. Thus the high temperature treatment of wood chips during HTMP pulping is likely to result in fiber separation in the middle lamella region, as this region becomes more prone to fracture due to softening of lignin. However, a recent study (Singh and McDonald 2000) comparing HTMP fibers from radiata pine (Pinus radiata) and rubberwood showed that while in rubberwood separation occurs predominantly in the middle lamella, in radiata pine significant fractures also occur in the secondary wall. This suggests that in addition to processing conditions, cell wall properties, including those of the middle lamella, which is generally more highly lignified than the secondary wall in both soft-and hardwood species, may have an important effect on the mode of HTMP fiber separation during refining. In this context, the type, amount and distribution of lignin all may have an impact on fracture behavior of cell walls.
With the exception of mild compression wood cells Singh and Donaldson 1999) , the middle lamella region of the cell wall in softwoods appears to be more or less evenly lignified, with indications of minor heterogeneity in some cases. In comparison, evidence is accumulating to suggest that there may be considerable heterogeneity in the distribution of lignin in the middle lamella of hardwood species (Daniel et al. 1991) , including rubberwood (Singh and Schmitt 2000) . Using TEM, Singh and Schmitt (2000) have shown lignin distribution in both cell corner and inter-corner regions of middle lamella in rubberwood tissues to be irregular, with middle lamella micro-domains differing greatly in lignin concentration. In addition to thermal softening, the irregular distribution of lignin in the middle lamella of rubberwood cells may also be important in relation to the location of fractures during fiber separation. It is well known that fractures usually follow a line of weakness. This is also true of micro-fractures which occur in cell wall regions with abrupt changes in lignin concentration, between cell wall layers (Donaldson 1995) and radially across the S 2 layer in wood cells (Singh et al. 1998; 2002; Singh and Daniel 2001) .
The pattern of lignin distribution on the surface of rubberwood fibers observed in the present study closely corresponds to that of lignin distribution observed by Singh and Schmitt (2000) in the cell wall middle lamella of solid rubberwood. The presence of both lignin-rich and lignin-poor middle lamella on the surfaces of rubberwood HTMP fibers suggests that during fiber separation fractures are likely to have occurred through the poorly lignified regions of the middle lamella and also at the interface between the lignin-rich and lignin-poor regions of this part of the cell wall in rubberwood tissues. These observations would also explain why the surface microtopography of the fibers is often rough, relating to the observed complex, irregular pattern of lignin heterogeneity in the middle lamella of rubberwood tissues. In radiata HTMP fibers the microtopography of the exposed middle lamella is much smoother (Singh and McDonald 2000) owing to a more homogenous lignin distribution in the middle lamella of the wood tissues in this species. Thus, microtopography of HTMP fibers may also vary with wood species, and information on this feature should also be an important consideration in any future studies in this area, because of the perceived relevance of the surface roughness in any physical interaction with applied adhesives in fiber based composite products, such as MDF.
The above considerations must also take into account the following factors, which are also likely to influence fracture behavior of wood cell walls during processing for HTMP fibers. One, the hardness of lignin may vary with its composition, i.e., guaiacyl vs. syringyl, and the proportion in which these lignin components are present in the middle lamella and other cell wall regions. It is well known that variability in lignin is much greater in hardwoods as compared to softwoods. For example, while vessel walls consist largely of guaiacyl type lignin, walls in other cell types may have syringyl or syringylguaiacyl type lignin, and these may also vary in their proportion. Two, in addition to lignin, the middle lamella contains other polymeric substances, such as pectins in the middle lamella proper, and cellulose, hemicellulose and pectins in the primary wall, although in smaller quantities relative to lignin. Using immunological techniques and antibodies, esterified pectins have recently been found associated with the exposed middle lamella regions of chemi-thermomechanical pulp (CTMP) and HTMP fibers of spruce (Daniel, personal communication) . Suitable methods have to be developed to also examine the microdistribution of these components on fiber surfaces in order to understand their role in determining the properties of fiber based products.
Finally, other features, such as the damage to fiber surfaces, resulting in poor adhesion and the deposition of fines and extraneous materials, such as rubber latex from ruptured parenchyma cells, are also likely to influence the bonding of fibers, and should be examined closely for their relevance to the properties of fiber based products.
The observations provided here on the composition and topography of the surfaces of rubberwood HTMP fibers and the information available from earlier studies (Singh and Schmitt 2000) , showing considerable heterogeneity in the pattern of lignin distribution in the middle lamella of rubberwood cell walls, suggest that the pattern of lignin distribution in the middle lamella may greatly influence the composition and topography of the surfaces of HTMP fibers prepared also from other wood species, with a similar pattern of lignin distribution in the middle lamella of their wood tissues.
